Introduction {#s1}
============

It is estimated that in Africa more than 125 million pregnant women are at risk for *Plasmodium falciparum* infections leading to placental malaria (PM). PM has important consequences for both mother and fetus, resulting in low birth weight and 100,000 infant deaths annually [@pone.0062820-Guyatt1]. Although the exact mechanisms underlying the pathology of placental malaria are incompletely understood, parasite sequestration in the placenta leading to impaired trophoblast invasion, placental vascular dysfunction and inflammation play roles in the disease [@pone.0062820-Umbers1], [@pone.0062820-Brabin1]. Similarly, another form of severe malaria, cerebral malaria (CM), an important cause of mortality in African children, is caused by a combination of ischemia associated with sequestration of parasites in the brain and microvascular damage, edema, blood brain barrier breakdown and immune involvement including inflammation [@pone.0062820-Umbers1], [@pone.0062820-Brabin1].Thus, both CM and PM have many features of uncontrolled inflammation leading to tissue damage and subsequent pathology.

Because CM and PM kill young children and pregnant women, it is likely that genetic mutations that result in increased survival in CM and PM, including mutations resulting in better control of inflammation, have been fixed in the African genome. Paradoxically, for the systemic autoimmune disease, systemic lupus erythematosus (SLE), a disease of uncontrolled inflammation, African American women are 6--8 times more at risk as compared to American women of European descent, suggesting that the African genome carries SLE-susceptibility genes [@pone.0062820-Molokhia1]. Because the prevalence of SLE in Africa is extremely low [@pone.0062820-Bae1]--[@pone.0062820-Greenwood2], it has been hypothesized that SLE-susceptibility genes are beneficial in controlling severe malaria but in the absence of malaria act to promote inflammation [@pone.0062820-Greenwood1], [@pone.0062820-Butcher1]. These observations led us to test the hypothesis in mice that genetic susceptibility to SLE was protective in severe CM. We infected mice that were susceptible to SLE (SLE^s^ mice) due to a deficiency in the immune inhibitory receptor, FcγRIIB [@pone.0062820-Bolland1], with *P.* berghei ANKA (*Pb* ANKA), a parasite that causes lethal CM [@pone.0062820-Rest1]. SLE^s^ mice develop lethal SLE by 9 months of age, however, when infected at 4 to 6 weeks of age before the onset of any overt autoimmune inflammation, the SLE^s^ mice were protected from CM [@pone.0062820-Waisberg1]. Protection appeared to be mediated by mechanisms that allowed the SLE^s^ mice to better control inflammation possibly through the heightened production of the anti-inflammatory cytokine IL-10. Consistent with this conclusion, *Pb* ANKA-infected SLE^s^ and WT mice were equally susceptible to death caused by severe anemia that did not involve inflammation. Relevant to these observations in mice, a human FcγRIIB allele that encodes a polymorphism in the transmembrane domain of the receptor that results in loss of function and is associated with SLE (OR = 1.73), is significantly more common in Africans and is associated with protection from severe malaria in African children [@pone.0062820-Willcocks1].

Here we extend our earlier findings to determine the impact of SLE-susceptibility on PM in a mouse model to determine if SLE-susceptibility has an impact on reproductive fitness and if SLE-susceptibility is protective in PM. We evaluated SLE^s^ mice infected with non-lethal parasite *Plasmodium chabaudi chabaudi* AS (*Pc*) that induces a disease which is similar to PM, involving sequestration of infected red blood cells in the placenta and local inflammation that leads to fetal loss [@pone.0062820-Poovassery1].

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

All experiments were approved by the National Institute of Allergy and Infectious Diseases Animal Care and Use Committee.

Animals {#s2b}
-------

Female 11 weeks old C57BL/6 were obtained from Jackson Laboratories and allowed to acclimate in the animal facility until the experiment was performed. SLE^s^ mice, B6.FcγRIIB\[KO\] (TAC264), were bred at the NIAID animal facility. Based on the literature, these mice do not develop active SLE disease before 6 months of age [@pone.0062820-Bolland1].

Malaria Infections and Treatments {#s2c}
---------------------------------

A total of 36 female SLE^s^ mice and 36 female C57BL/6 B6 mice were used in the experiment. To investigate the effect of SLE susceptiblity on pregnancy and placental malaria, 20 mice from each group were inoculated with *P. chabaudi chabaudi* AS (*Pc*) infected red blood cells (iRBCs). Mice were mated in harems containing one male and two females. Each day, female mice were checked for the presence of vaginal plugs to determine copula. The day that animals were determined to be plugged was designated day 0 of pregnancy.

Parasites were obtained from donor C57BL/6 mice that were infected with thawed parasite stocks. The infected blood used for inoculums was diluted to the appropriate concentration using phosphate-buffered saline. On Day 0, 20 animals were either infected with 1×10^4^ *Pc* iRBCs i.v. or sham injected with 100 µL phosphate-buffered saline i.v. The inoculum dose and route was chosen in order to obtain peak parasitemia (estimated to be at day 10) close to the time when placentas are formed. In all cases after identification of a vaginal plug, females were separated from males and manipulation avoided for 6 days in order to prevent stress-induced blastocyst implantation failure. Body weight, parasitemia, and hemoglobin data were collected daily between day 6 and 8 after mating. Parasitemia in infected mice was quantified by examining Giemsa-stained thin blood smears. Hemoglobin concentration was measured with a HemoCue Hb 201+ using blood from the tail tip. Hematology parameters were determined before animals mated and on day 8 post-conception using a Hemavet 950 FS system (Drew Scientific). All mice were evaluated daily for the presence of bloody vaginal discharge. On day 8 after mating, animals were sacrificed by CO~2~ asphyxiation, their uteri were dissected and the number of fetuses counted.

Pathology {#s2d}
---------

Uterine tissue from all mice used in this study (n = 72) was fixed in 10% neutral buffered formalin for 48 h and then transferred to 70% ethanol where the tissue was stored until further processing. After fixation specimens were embedded in paraffin and sections, cut at 5 µm, were stained with H&E. All sections were reviewed by a veterinary pathologist blinded to the design of the experiment.

Data Analysis {#s2e}
-------------

A total of 40 animals (20 per group) were inoculated with parasites. 20/20 (100%) SLE animals that were inoculated got infected, while 15/20 (75%) controls got infected. Except where noted, the analyses reported in this paper were performed after excluding inoculated but uninfected mice (n = 5). Independent continuous outcomes were summarized using the means and standard deviations, and were analyzed using Student's t-test and the linear regression. Binary data were summarized using percentages, and were analyzed using Fisher's exact test and logistic regression. The generalized estimating equation (GEE) method with an exchangeable correlation structure as the working assumption was applied to analyze longitudinal continuous variables (i.e. parasitemia, hemoglobin concentration, body weight, and hematological parameters) in order to account for correlation among multiple measurements for the same mouse. Count data, such as total fetuses and viable fetuses, were analyzed using the Poisson regression with robust standard errors, thus allowing for the violation of the assumption that the variance equals the mean for the Poisson distribution. All *P* values were two-sided and P values of less than 0.05 were considered to be statistically significant. Data were analyzed using STATA (version 10.0; STATA Corporation, College Station, Texas, US).

Results {#s3}
=======

Effects of SLE Susceptibility on the Severity of *Pc* Infections {#s3a}
----------------------------------------------------------------

To evaluate the effects of SLE susceptibility on the severity of *Pc* infections, we measured parasitemia, hemoglobin, and body weight in infected and pregnant and nonpregnant WT 6, 7 and 8 days after *Pc* infection and in control uninfected mice. n = 15 (WT) and n = 18 (SLE^s^) for parasitemia; n = 30 (WT) and 34 (SLE) for body weight and hemoglobin. A generalized estimating equation (GEE) analysis with indicator variables for SLE-susceptibility, pregnancy, time after infection, and the corresponding two-way and three-way interactions as covariates were performed for each parameter ([Table S1](#pone.0062820.s002){ref-type="supplementary-material"}). As expected, parasitemia increased with time in all infected mice ([Figure 1A, B](#pone-0062820-g001){ref-type="fig"}). The GEE analysis showed that pregnant infected SLE^s^ mice had significantly higher parasitemias level as compared to pregnant infected WT mice at day 6 (11.1% \[95% CI, 3.6--18.7\] higher; P = 0.004), day 7 (10.0% \[95% CI, 2.4--17.6\] higher; P = 0.01) and day 8 (7.8% \[95% CI, 0.2--15.4\] higher; P = 0.04) ([Figure 1A](#pone-0062820-g001){ref-type="fig"}). In contrast, non-pregnant, infected SLE^s^ and WT mice had parasitemias that were not significantly different ([Figure 1B](#pone-0062820-g001){ref-type="fig"}) indicating that the observed increase in parasitemias in SLE^s^ versus WT mice were pregnancy related.

![Effects of SLE susceptibility and malaria on parasitemia, hemoglobin and body weight.\
(A--B) Peripheral parasitemia were determined at days 6, 7 and 8 post-conception. (C--D) Blood hemoglobin concentrations were determined at day 6, 7 and 8 post-inoculation. Data are stratified according to pregnancy and infection status. (E--F) Body weight was determined at days 6, 7 and 8 post-conception. Data was stratified according to pregnancy and infection status. n = 15 (WT) and n = 18 (SLE^s^) for parasitemia; n = 30 (WT) and 34 (SLE) for hemoglobin and body weight.](pone.0062820.g001){#pone-0062820-g001}

Hemoglobin levels, a surrogate of red blood cell numbers, are predicted to drop as parasitemias rise during *Pc* infection. Applying the GEE analysis to uninfected mice (n = 16 for SLE^s^ mice and n = 16 for WT mice), adjusting for the time variables and pregnancy status, showed that SLE-susceptibility alone did not have a significant effect on hemoglobin levels. The GEE analysis showed that pregnant, *Pc*-infected SLE^s^ mice had significantly lower hemoglobin levels as compared to pregnant infected WT mice at day 6 (2.6 g/dL \[95% CI, 0.6--4.5\] lower; P = 0.01), day 7 (2.9 g/dL \[95% CI, 1.0--4.8\] lower; P = 0.003) and day 8 (3.5 g/dL \[95% CI, 1.6--5.4\] lower; P\<0.001) post *Pc* infection ([Figure 1C](#pone-0062820-g001){ref-type="fig"}). The decrease in hemoglobin levels in infected SLE^s^ versus WT mice appeared pregnancy related as non-pregnant *Pc*-infected SLE^s^ and WT mice had hemoglobin levels that were not significantly different at day 7 and 8 post *Pc* infection.

Total body weight also tends to decrease with time in *Pc* infected mice and represents another measure of disease severity. For infected mice, the GEE analysis showed that SLE^s^ mice were consistently heavier than WT mice of the same pregnancy status at day 6, 7 and 8 post *Pc* infection. However, pregnant, infected SLE^s^ mice lost more weight between 6 and day 8 post *Pc* infection as compared to pregnant, infected WT mice (P\<0.001). Again this effect appeared to be pregnancy related in that although the non-pregnant SLE^s^ mice were heavier than the WT mice, SLE^s^ and WT mice lost weight at the same rates between days 6 and 8 post *Pc* infection (P = 0.52) ([Figure 1H](#pone-0062820-g001){ref-type="fig"}).

Taken together these data indicate that as compared to pregnant WT mice, SLE^s^ pregnant mice had more severe symptoms of *Pc* infection, including higher parasitemias, lower hemoglobin levels and greater weight loss. Although malaria was more severe in pregnant SLE^s^ mice as compared to pregnant WT mice, SLE-susceptibility alone did not affect the severity of *Pc* malaria.

Effects of SLE Susceptibility on Hematology Parameters {#s3b}
------------------------------------------------------

We also determined red blood cell counts, hematocrits, mean corpuscular volumes, platelet counts, white blood cell counts (WBC) and differential counts of leukocytes (basophils, eosinophils, neutrophils, lymphocytes, monocytes) before (day 0) and 8 days after *Pc* infection (day 8) ([Figure S1](#pone.0062820.s001){ref-type="supplementary-material"}). A linear regression with indicator variables for SLE status, malaria infection, and pregnancy status as covariates was performed to analyze the difference between day 0 and day 8 for each hematology parameter ([Table S2](#pone.0062820.s003){ref-type="supplementary-material"}). Controlling for infection and pregnancy status, SLE was significantly associated with the greater decrease in red blood cells, hematocrit, mean corpuscular volumes, and platelet counts between day 0 and day 8. The adjusted effect of malaria infection on the difference in eosinophils (P = 0.01), basophils (P\<0.001), red blood cells (P\<0.001) and hematocrit (P\<0.001) was significant, while it was marginally significant on lymphocytes (P = 0.052), with infection being associated with a greater drop in all the above mentioned cell numbers. Finally, pregnancy is only significantly associated with an increase in mean corpuscular volume (P\<0.001) after controlling for SLE-susceptibility and infection status.

Effects of SLE Susceptibility on Reproduction {#s3c}
---------------------------------------------

We estimated the effects of SLE-susceptibility on pregnancy by measuring conception rates, defined as percent of inseminated animals that became pregnant. Differences in the conception rates of all SLE^s^ mice, infected or not, (44.4%) and of all WT mice (51.6%) was not statistically significant (P = 0.63 by Fisher's exact test) ([Figure 2A](#pone-0062820-g002){ref-type="fig"}). A logistic regression analysis, adjusting for infection status, also failed to show significant effects of SLE^s^ on the conception rate (odds ratio \[OR\] = 0.77; 95% CI, 0.29--2.03; P = 0.60). However, the 95% confidence interval covers a fairly wide range of possibly decreased odds of conception rates. Given that the conception rate was approximately 50% in WT mice, we were underpowered to detect differences smaller than 35%.

![Effects of SLE susceptibility and malaria on reproductive fitness.\
(A) Conception rates (i.e. percentage of plugged animals that were determined to be pregnant) were determined at day 8 post-copula. (B) The total number of fetuses was determined at day 8 post-conception. (C) Graph shows the percentage of non-necrotic fetuses determined by analyzing H&E sections of uteri collected at day 8 post-conception. Samples marked as 'All' represented the pooled data for SLE^s^ or all WT, independent of infection status. WT (n = 36) and SLEs mice (N = 36).](pone.0062820.g002){#pone-0062820-g002}

We also analyzed the total number of fetuses (viable or not) and the number of viable fetus per pregnant SLE^s^ or WT mouse. Because mice will abort nonviable fetuses during the course of pregnancy, to allow an analysis of the effect of SLE-susceptibility on the total number of fetuses conceived we sacrificed all mice eight days after copula. The uteri were removed and the number of fetuses determined. A Poisson regression with robust standard error estimates was used to evaluate the data and showed that there was no significant difference in the total number of fetuses in uninfected SLE^s^ and WT mice (P = 0.96) ([Figure 2B](#pone-0062820-g002){ref-type="fig"}). Similarly, there was no significant difference in the number of viable fetuses in uninfected SLE^s^ and WT mice (P = 0.96) ([Figure 2C](#pone-0062820-g002){ref-type="fig"}). Thus, SLE susceptibility does not appear to have a reproductive cost.

SLE Susceptibility is not Protective in PM {#s3d}
------------------------------------------

We evaluated the effect of SLE susceptibility on the number of viable fetuses in *Pc* infected mice. For both SLE^s^ and WT mice, *Pc* infection had a dramatic effect on the viability of fetuses ([Figure 2C](#pone-0062820-g002){ref-type="fig"}). The fetuses presented with massive necrosis but without obvious signs of exaggerated inflammation ([Figure 3](#pone-0062820-g003){ref-type="fig"}). Pathology due to *Pc* infection has not been reported this early in infection at a stage where the placenta is not completely formed and implantation is not complete. Infected SLE^s^ mice had 1.78 fold more fetuses per mouse as compared to infected WT mice (95% CI, 1.26--2.52; P = 0.001) ([Figure 2B](#pone-0062820-g002){ref-type="fig"}). In WT mice, *Pc* infection decreased the total number of fetuses by a factor of 1.46 (95% CI, 1.03--2.08; P = 0.04) ([Figure 2B](#pone-0062820-g002){ref-type="fig"}), while in SLEs mice the total number of fetuses increased by a factor of 1.23 (95% CI, 0.96--1.57, P = 0.10). *Pc* infection decreased the number of viable fetuses in SLE^s^ mice by a factor of 1.63 (95% CI, 0.66--4.05; P = 0.30) and in WT mice by a factor of 6.0 (95% CI, 1.52--23.7, P = 0.01) ([Figure 2C](#pone-0062820-g002){ref-type="fig"}). A Poisson regression with the logarithm of the total number of fetuses as the offset variable was fit to compare the proportion of viable fetuses between infected SLE^s^ and infected WT mice. The result using the robust standard errors suggested that SLE increased the proportion of viable fetuses by a factor of 2.05 (95% CI, 0.48--8.68; P = 0.33), although the difference was not statistically significant. The average number of viable fetuses in uninfected pregnant SLE mice was 7.4. With 9 uninfected pregnant SLE^s^ mice and 7 infected pregnant SLE^s^ mice, we had an 80% power to detect a reduction of 1.845 times fewer viable fetuses in infected pregnant SLE^s^ mice. Similarly, the average number of viable fetuses in uninfected pregnant WT mice is 7.5. With 8 uninfected pregnant WT mice and 8 infected pregnant WT mice, we had an 80% power to detect a reduction of 1.815 times fewer viable fetuses in infected pregnant WT mice.

![Malaria caused massive decidual necrosis in SLE^s^ and control animals.\
Uterine section of an infected SLE mouse (A) or infected WT mouse (D) showing massive decidual necrosis at day 8 post-conception at low-magnification (1.25×). High-magnification views (4× and 10×) of uteri from an infected SLE (B--C) and infected WT mouse (E--F). Uterine section of an uninfected SLE (G) or uninfected WT mouse (J) showing normal morphology of an 8 day old fetus at low-magnification (1.25×). High-magnification views (4× and 10×) of uteri from a non-infected SLE (H--I) or uninfected WT mouse (K--L). Uteri from all mice were analyzed by a pathologist (n = 72).](pone.0062820.g003){#pone-0062820-g003}

Discussion {#s4}
==========

The risk of SLE is significantly higher in African American women as compared to woman of European descent suggesting that the African genome contains SLE-susceptibility genes. To test the hypothesis that such genes were selected for in the African genome for their protective effect in severe malaria, we earlier determined the influence of genetic susceptibility to SLE on the outcome of CM in mice. We provided evidence that SLE-susceptibility did indeed protect mice from CM. Here we extended these studies to ask: does SLE-susceptibility have a cost in terms of reproductive fitness and does the protective effect of SLE-susceptibility to CM extend to another form of severe malaria, PM?

We show that independent of the infection status, SLE susceptibility did not affect conception, the total number of resulting fetus or fetal viability suggesting that SLE susceptibility does not have negative effects on fertilization, placentation, or the very early stages of pregnancy. Comparing the total number of fetuses by infection status we did not observe any differences, suggesting that malaria infection at the day of conception did not affect the formation of embryos.

We also observed that although *Pc* infections caused a significant reduction in the number of viable fetuses at day 8 post-conception in both SLE^s^ and WT mice. SLE^s^ mice, independent of their infection status, had more fetuses than WT but the number of viable fetuses was not different between infected SLE^s^ and WT mice. Overall, a larger number of fetuses with an equal number of viable ones equates to a positive effect on reproductive fitness. Interestingly, the effect was observed at day 8 post-conception, a point where the placentas were still forming and not completely implanted. The fetuses presented with massive necrosis without signs of exaggerated inflammation. To our knowledge, the effect of *Pc* infection on fetal health in pregnant mice has not been described at this early stage. Even though SLE^s^ mice were relatively protected from PM, infected, pregnant SLE^s^ mice had more serious malaria symptoms as compared to infected, pregnant WT mice. SLE^s^ mice lost more weight and had higher parasitemias and the lower hemoglobin levels suggesting that SLE may worsen the general response to malaria infection during pregnancy. SLE causes a variety of changes in the immune system that makes SLE patients more susceptible to infection. For instance, PMNs from SLE patients tend to be dysfunctional [@pone.0062820-Wu1] and they are often neutropenic [@pone.0062820-Lee1]. Furthermore, pregnancy by itself is immunosuppressive and capable of depressing PMN function [@pone.0062820-Crocker1]. As PMN activity correlates with clinical protection from malaria [@pone.0062820-Joos1], it is possible that the worse response observed in SLE pregnant animals might be due to the combined detrimental effect of SLE and pregnancy on PMNs activity. Also, SLE patients tend to have lower levels of complement components, with C3 and C4 being considered markers of disease activity [@pone.0062820-Sturfelt1]. Complement activation and complement component levels also go down during malaria infection [@pone.0062820-Phanuphak1]. The decrease of certain complement components, as for instance C5 deficiency, is associated with higher levels of circulating inflammatory cytokines in response to infection [@pone.0062820-Mullick1], suggesting that SLE may aggravate systemic inflammation during infection. Interestingly, C5 deficient mice are protected against cerebral malaria [@pone.0062820-Patel1]. Therefore, it is possible that decreased levels of some complement components in SLE individuals may increase susceptibility to pathogens while simultaneously protecting against pathology.

We also observed lower platelet counts in infected pregnant SLE^s^ versus WT mice at day 8. Thrombocytopenia is a common feature of SLE, pregnancy and malaria, with SLE thrombocytopenia thought to be caused by peripheral platelet destruction [@pone.0062820-Ziakas1]. While gestational thrombocytopenia does not seem to affect maternal and fetal outcomes in pregnancy [@pone.0062820-Burrows1], in malaria patients thrombocytopenia has been associated with malaria severity and prognosis [@pone.0062820-Gerardin1]. On the other hand, in SLE patients the effects are not clear, with conflicting reports suggesting no effect [@pone.0062820-Ziakas1] or correlation with worse prognosis [@pone.0062820-Jallouli1]. Recent data suggests that the pathogenesis of PM is mediated in part by an inflammation-coagulation cycle involving platelets as one of the key components in this cycle [@pone.0062820-Francischetti1]. If so this suggests a potentially detrimental effect of SLE susceptibility on infected pregnant mice.

Taken together our results point toward a mixed effect of SLE susceptibility on PM. On the one hand, the malaria symptoms were worse in infected pregnant SLE^s^ mice as compared to WT mice but on the other hand, SLE^s^ mice produced more fetuses and a similar proportion of healthy fetuses during infection as compared to WT mice. However, overall the data presented here and our earlier results suggest that SLE susceptibility has a net positive effect on fitness as it can decrease mortality due to severe malaria and increase reproductive fitness by increasing the total number of fetuses.

The results presented here further support the hypothesis that genetic susceptibility to SLE is protective in severe malaria. However, we are still left with the paradox that genetic SLE susceptibility does not result in SLE in individuals living in malaria endemic areas of Africa. Two studies in mice suggest that malaria infections themselves may 'recalibrate' the inflammatory response in SLE-susceptible mice resulting in prevention of autoimmune disease [@pone.0062820-Hentati1], [@pone.0062820-Greenwood3]. Future studies aimed at understanding the cellular and molecular interaction between the autoimmune susceptible host and the malaria parasite should inform us as to how inflammation can be controlled in both autoimmunity and in malaria.
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**Effects of SLE and malaria on blood composition during pregnancy.** Animals were infected with 1×10^4^ *P. chabaudi* AS iRBCs on day 0 post-conception. Hematological parameters were determined in whole blood. White blood cells (WBC), platelets (PLT), lymphocytes (LY), eosinophils (EO), basophils (BA), hematocrit (HCT), red blood cells (RBC), mean corpuscular volume (MCV) and neutrophils (NE) and are shown. Data shows the median with the box upper and lower limits representing the upper and lower quartiles, the whiskers representing the range (maximum and minimum of the data) and open circles representing outliers.
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Click here for additional data file.
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**P values for the adjusted effects of SLE and pregnancy on malaria infection at different time points using GEE models.** ¶ indicates analyses using uninfected mice.
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Click here for additional data file.
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**Adjusted effects (standard errors) of SLE, infection, and pregnancy on the difference between day 8 and day 0 in the hematology parameters using linear regressions.**
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Click here for additional data file.
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